Introduction
Phosphorus, one of the essential elements for organisms, plays an important role in biological activity in natural water. To monitor the phosphate concentration of natural water, the molybdenum blue spectrophotometric method has typically been employed. 1 However, the sensitivity is not high enough to cover the entire concentration range in water samples. A cheap, easy to use, and rapid analytical method for low-concentration phosphate determination in a stream is required. Solid-phase spectrophotometry (SPS) is based on direct spectrophotometric measurements of colored solid particles on which the target element has been adsorbed. 2, 3 For phosphate determination, we have employed SPS of the molybdenum blue method, 4 which could be applicable to the determination of dissolved phosphate in natural water, including seawater. Almost all of the blue species in a 50-cm 3 sample solution were concentrated in 0.20 g of a cross-linked dextran gel, Sephadex G-25, and solid-phase absorption measurements were performed using a 10-mm cell. However, the volume of the swollen gel was about 1 cm 3 . The sensitivity of SPS is enhanced by adopting a system in which the ratio of sample to the volume of solid particles is high. 5 The combination of the smaller volume of the solid phase and a black flow-through cell with a 1.5-mm diameter and 10 mm length is expected to be very effective for a higher SPS sensitivity. 6 However, different from conventional solution spectrophotometry, SPS essentially suffers from weak light intensities due to the scattered light by the solid phase. In a previous paper of SPS for chromium(VI) determination, the lenses for focusing the incident light beam at the entrance of the light-path portion of the cell and for recovering light scattered by the solid phase in the cell were respectively applied. 7 The purpose of this study is to show how to apply this improved SPS system to the determination of trace levels of the dissolved phosphate in river-water samples and to the determination of the total phosphate after a peroxydisulfate treatment of water samples.
Experimental

Reagents and chemicals
All reagents were of analytical grade. Highly purified water prepared by a Milli-Q Advantage A10 system (Millipore, Molsheim, France) was used throughout this study. A standard phosphate solution (1000 mg of P dm -3 ) was prepared by dissolving 4.40 g of potassium dihydrogen phosphate and diluting it to 1 dm 3 with water. A combined reagent solution was prepared by mixing 20 cm 3 of 2.5 mol dm -3 sulfuric acid (70 cm 3 of concentrated sulfuric acid diluted to 500 cm 3 with water), 2 cm 3 of a potassium antimonyl tartrate solution (0.274 g of potassium antimonyl tartrate hemihydrates in 100 cm 3 water), 6 cm 3 of a 4% (w/v) ammonium molybdate solution, and 12 cm 3 of a 0.1 mol dm -3 ascorbic acid solution (1.76 g of ascorbic acid in 100 cm 3 of water).
A peroxydisulfate solution was prepared by dissolving 4 g of ammonium peroxydisulfate in 100 cm 3 of water.
Solid-phase spectrophotometry has been improved for the determination of the total and dissolved phosphate in water.
The target phosphate-P at sub-μg dm -3 to μg dm -3 levels in a 20-cm 3 water sample was concentrated as the molybdenum blue species to 0.06 or 0.12 cm 3 using a Sephadex G-25 within 30 min, and gel beads were introduced to a 1.5-mm or 3-mm diameter flow cell having a 10-mm light path length. To minimize the error caused by any difference in the packing state of the gel beads in the cell for each measurement, the absorbances of the blue color were directly measured at 836 nm and at 450 nm using a UV-visible spectrophotometer. The absorbance difference (ΔA) of the two wavelengths was used for determining the trace amounts of P. The sensitivity achieved by this procedure was higher by a factor of over 100 for a 20-cm 3 sample compared to that of the corresponding solution method using a 10-mm cell, and the detection limit was as low as 0.1 μg dm -3 . Higher sensitivity was obtained using 100 cm 3 water samples. Trace levels of the total and dissolved phosphate at sub-μg dm -3 to μg dm -3 levels in samples from mountainous small streams were directly determined without any preconcentration procedures. 
Apparatus
A shaker was used with 40 mm amplitude and a stroke frequency of 80 min -1 for a 20-cm 3 sample volume and 110 min -1 for a 100-cm 3 sample volume (SR-2DS, Taitec, Saitama). Absorbance measurements were made using a Jasco spectrophotometer, Model V-630. The black cell is commercially available, and had a light-path length of 10 mm and a 1.5 or 3 mm diameter (GL Sciences, Tokyo); therefore, the volume of the light path portion was about 0.02 or 0.07 cm 3 , respectively. The solid particles were retained in the flow-through cell by placing a polypropylene filter tip at the end of the light path of the cell. The improved cell compartment was described in detail in a previous paper. 7 A translucent white tape placed on an acrylic resin plate was set in the reference beam to balance the light intensities.
The gel was measured using a gel aliquotting device. A PTFE tube (1.0 mm i.d. and 7 cm length for the 1.5 mm diameter cell or 13 cm long for the 3 mm diameter cell) was fitted on the side with a PP resin filter tip and connected to a 10-cm 3 disposable syringe.
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Collection of water samples
The river-water samples ( The geographical features of the sampling sites are shown in Fig. 1 .
Procedure for solid-phase spectrophotometry
The river-water samples were filtered through a 0.20-μm PTFE membrane filter (Advantec, Tokyo). First, 3.2 cm 3 of the combined reagent and 0.06 cm 3 of the gel beads were added to a 20-cm 3 water sample containing 1 -10 μg dm -3 of phosphate-P in a 100-cm 3 Erlenmyer flask. Next, 30 min of shaking was done by a shaker. After shaking, the gel was packed into the black cell. The attenuances (ΔA) at 836 nm (absorption maximum wavelength) and 450 nm (weak-absorption wavelength) were measured with air as the reference. The differences between the attenuances were used for phosphate determination.
For the total phosphate determination, 10 cm 3 of a peroxydisulfate solution were added to 50 cm 3 of an unfiltered sample solution and then heated at 120 C for 30 min. 1 After cooling, 20 cm 3 of the treated sample was used for the SPS measurement. 
Results and Discussion
Optimization of conditions Absorption characteristic of the molybdenum blue species. The absorption spectra of the molybdenum blue species and the blank in the gel phase are shown in Fig. 2 . Due to the strong hydrophobic interaction between the molybdophosphate and cross-linked dextran, the phosphate can be concentrated in the dextran gel phase (Sephadex G-25) as the molybdophosphate complex. The adsorption behavior could be expressed by a linearized Langmuir-type isotherm. 1 The absorption spectra of the blue species showed the absorption maximum at 836 nm. For a batch-wise measurement of the solid phase, it is fairly difficult to maintain a constant packing condition, and this affects the attenuance at 836 nm. To minimize the error caused by the difference in the packing state of the gel beads in the cell for each measurement, the attenuances of the solid phase were directly measured at 836 nm (maximum-absorption wavelength) and at 450 nm (weak-absorption wavelength), and then the difference in the attenuances were used. Therefore, the attenuance difference (ΔA) of its blue color can be expressed as
where ε, C and l are the molar absorptivity at a given wavelength, the concentration of phosphate and the light path length in the gel phase, respectively. ΔA(blank), the attenuance difference in the absence of phosphate, is approximately constant, and therefore a linear calibration curve can be obtained. Shaking time. The cross-linked dextran gel used for phosphate determination has low physical strength. Therefore, the cross-linked dextran gel was frequently broken by mixing with a stirrer, and ΔA for the blank gave low reproducibility due to the variation of the gel bead sizes. This problem has been solved by using a shaker. The effects of the shaking time are shown in Fig. 3 . It has been reported that the volume ratio of the sample solution (V) and the solid phase (v) also has a great effect on the adsorption equilibrium. 5 In the case of using a 20-cm 3 sample solution, the adsorption of the molybdophosphate on the gel reached an almost equilibrium state for about 30 min when using 0.12 or 0.06 cm 3 gel. For this reason, the shaking time was set at 30 min. However, in a higher V/v system, e.g., V = 100 cm 3 and v = 0.12 cm 3 , it takes a longer time for complete adsorption of the molybdophosphate on the gel. Although reproducible determinations can be carried out even for a shorter shaking time, e.g., for 30 min shaking, the shaking time for the 100 cm 3 sample was fixed at 60 min to obtain higher sensitivity. Diameter of the black cell. Gel beads of 0.06 and 0.12 cm 3 were required for their complete packing in the light-path portion of the 1.5 and 3.0 mm diameter cells, respectively. The smaller was the volume of the gel beads, the higher was the sensitivity that could be obtained. The use of the narrower diameter cell caused a higher background attenuance. As already described in a previous paper, 7 lenses were very effective for forcusing the incident light beam and for recovering light scattered by the solid phase in the cell. However, there was a limitation depending on the types of spectrophotometers. A 3.0-mm diameter cell is much more applicable, and therefore the results obtained by using both cell were demonstrated.
Calibration
In the case of SPS, the difference between the absorbance of molybdophosphate at the absorption maximum wavelength and that at the wavelength where the target species shows a weak-absorption was used to improve the reproducibility of SPS. The net absorbance of the molybdenum-blue species at shorter wavelengths than 500 nm is very small, and the wavelengths at 416, 450 and 500 nm were selected as references. The calibration curves obtained by using the differences between the absorbance at 836 nm and those at reference wavelengths were straight, and the slopes were 0.074, 0.073 and 0.060, respectively, when the concentration is expressed in units of μg P dm -3 .
Because the molar absorptivities of the molybdenum-blue species become lower at shorter wavelengths in the range of 500 to 416 nm, the highest sensitivity was obtained at 416 nm, which was selected as the reference wavelength in a previous paper. 4 However, the attenuances of the background gel beads sharply increased at shorter wavelengths of around 416 nm. For these reasons, two wavelengths of 450 and 836 nm were, respectively, selected for phosphate determination.
Sample volumes of 20 cm 3 and 100 cm 3 were selected, depending on the phosphate concentration in the sample solution. The sample volume was fixed at 20 cm 3 when the phosphate concentration was above 1 μg dm -3 , and a sample volume of 100 cm 3 was employed for the sample in which the phosphate concentration was less than 1 μg dm -3 . As already mentioned, the sensitivity of our method was related to the sample volume. When the detection limit is defined as the concentration that gives an absorbance corresponding to 3σ for the standard deviation of the fluctuation of the blank, the values were 0.07 μg dm -3 (n = 5) for the 20 cm 3 sample and 0.02 μg dm -3 (n = 5) for the 100 cm 3 sample. A small fluctuation in the calibration curves was observed when the calibration was made on different days. Table 1 gives an example of the fluctuation in the slope and the ΔA(blank) values. One of the causes of the fluctuation is due to the differences in the particle size distribution of the gel beads. Removal of the smaller or larger particles by decantation improved the results. However, the fluctuation in ΔA(blank) could not be perfectly controlled. It is recommended that the calibration curve be used within one day. Otherwise, at least the measurement of ΔA(blank) was effective, because the slopes of the calibration curves were almost constant.
Recovery and reproducibility
River-water samples were quantitatively analyzed by the improved SPS, and the dissolved phosphate concentrations were 3.4 ± 0.1 μg dm -3 ; the relative standard deviation was within 3% (n = 3) for No. 8 sample, and 5.0 ± 0.2 μg dm -3 and the relative standard deviation was within 4% (n = 3) for No. 3 sample of Kitakyushu. For the storm runoff of the No. 5 sample, the dissolved phosphate concentration was 4.9 ± 0.1 μg dm -3 and the total concentration was 8.3 ± 0.1 μg dm -3 . Using this sample, a recovery test by the standard-addition method was carried out. Table 2 shows a 98 -99% recovery of the added phosphate. For the total phosphate determination, an almost complete recovery (96 -97%) was obtained ( Table 2) .
Comparison of sensitivity
A comparison of the sensitivity is shown in Table 3 . For the corresponding solution method, a 1 mg dm -3 P solution gave an absorbance of 0.60, and therefore the sensitivities were 300 and 580 times higher for the 20 cm 3 sample with the 1.5 mm diameter cell and the 100 cm 3 sample with the 3-mm diameter cell systems than that of the solution method, respectively. Using the sample volume to solid volume ratio employed and the distribution ratio of the blue species on the Sephadex G-25, the recovery of molybdophosphate in the gel was estimated to be 85% 4 and the respective theoretical values of the sensitivity enhancement calculated by the ratio of sample volume to the volume of solid particles were 290 and 710-times higher than that of the solution method, which were in fairly good agreement with the obtained results. 4 For the corresponding previous study, a 1 μg dm -3 P solution produced an absorbance of 0.020, and therefore the sensitivities of the present study were fairly improved ( Table 3) .
Storage of samples
Generally, a river-water sample is filtered through a 0.20-or 0.45-μm hydrophilic PTFE membrane filter immediately after sample collection. Two kinds of river-water samples were stored in a refrigerator, and the change in the phosphate concentration with time was examined. The results are given in Table 4 , suggesting that storage for over 1 week is possible, when the river water is filtered through a membrane filter just after its collection.
Effect of coexisting ions
The effects of coexisting ions using the SPS method were presented in a previous paper, 4 and there are no interferents present in river water. As mentioned above, the molybdenum blue species is concentrated in the gel phase due to a hydrophobic interaction between the molybdophosphate and the cross-linked dextran. For this reason, this SPS method does not suffer from any matrix effects by some coexisting electrolytes, and is directly applicable to the phosphate determination in seawater samples, 4 but is preferable to using a calibration curve prepared with solutions at similar saline concentrations to that of the sample solution.
Determination of phosphate in river waters
For the mountain side in Kitakyushu City, the low concentration of phosphate in its river water was easily determined with high precision (Table 5 ). Since some houses are located upstream, water at the No. 2 site had a high phosphate concentration. The lowest concentration was observed at the No. 8 site, which is located near the summit of Mt. Fukuchi. Though there is a region without any human pollution, the possibility of an effect by the forest condition and/or geology, such as granite, is considered because the phosphorus concentration is high even in the upper river basin. After mixing with the No. 7 main stream, the No. 4 and No. 5 water samples downstream of No. 7 contained a phosphate concentration below 5.1 μg dm -3 . The forest is thin there, and the phosphate in the surface water may be consumed by the higher activities of any aquatic photosynthesizing organisms. The total phosphate concentration was determined at the sites from No. 3 to No. 7, which showed small differences from the corresponding dissolved phosphate concentration. The turbidity of the samples was less than 0.1 mg dm -3 and the suspended solids were not included in the It is well known that deforestation produces phosphate runoff where the biomass decreases. On the other hand, the decrease in the concentration of phosphate at the 10 μg dm -3 level or lower during the daytime in suspended matter in a stream could be attributed to phosphate consumption due to organism activities. 9, 10 Ide et al. reported that the dissolved concentration in a mountain stream near Fukuoka City in Japan varied from 100 μg-P dm -3 to lower than 1 μg-P dm -3 per year. 11 In this way, the phosphate concentration in surface stream water can be a measure of the forest conditions, and the present method can be effective for phosphate concentration monitoring.
Comparison with other methods
A comparison method was carried out (Table 3) . For phosphate determination, an effective and selective adsorbent, i.e., activated carbon loaded with zirconium (Zr-C*), has been developed for the preconcentration of phosphate in environmental water samples. 12 However, since the commercially available activated carbon contains a trace amount phosphate, it has to be pretreated with hydrochloric acid for a few days. 13 A visual method, based on comparing the color intensity of the phosphomolybdenum blue extracted or precipitated on a membrane filter, has been developed for the determination of trace phosphate in water. [14] [15] [16] After dissolution of the membrane filter in dimethylsulfoxide, the absorbance was measured by a spectrophotometer. This method was applied to the analysis of rainfall samples in Yonezawa City. The phosphate concentration ranged from 2 to 50 μg dm -3 using 10 cm 3 rainfall samples. The detection limit obtained by the membrane filter method was equivalent to the results of SPS, but the measurement frequency was as high as 50%. In these methods, several cm 3 of an organic solvent were necessary for dissolving the membrane filters and measuring the absorbances. The organic solvents used as the extractant may be harmful to the analysts and the environment. The magnesium-induced coprecipitation procedure has been improved for the microdetermination of nanomolar concentrations of soluble reactive phosphorus and total dissolved phosphorus in marine and freshwater environments. 17 On the other hand, the absorbance of the solution was measured with improved equipment. A long-path cell (150-mm long) was used for the determination of phosphate at the 1 μg dm -3 level by the molybdenum blue method. 18 The surface water phosphate concentration in the western North Pacific was determined by continuous-flow analysis using a 1-m long liquid waveguide capillary cell. 19 The detection limit was 0.1 μg dm -3 . Because the corresponding solution molybdenum blue method can be easily expanded to the SPS method presented here, all determination procedures are relatively simple. In spite of the requirement of the spectrophotometer improvement, the proposed method has the highest sensitivity among the methods listed in Table 3 . Above all, it is obvious that the proposed method can be widely applicable to phosphate analyses in various water samples.
Conclusions
The use of a narrow black-sided cell reduced the amount of solid beads required, and a higher sensitivity was obtained using a 20-cm 3 sample solution. The favorable working and performance characteristics of the improved procedure of the SPS method made it possible to determine the total and dissolved Ref.
Solution method
Flow method with Zr-C* preconcentration Magnesium-induced coprecipition Continuous flow analysis using capillary cell Solution method with preconcentration using membrane filter SPS phosphate at sub-μg P dm -3 to μg P dm -3 levels in river-water samples within 30 min without any preconcentration steps. The applicability of SPS to total phosphate determination was reported for the first time. The present method is highly sensitive and simple in operation, and therefore SPS measurements can be made every 5 min, which means that the measurement frequency is greater than 10 in 1 h. The present method is useful to clarify the circulation of phosphate in fresh-water systems. 
